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Abstract
Thermodynamical properties of asymmetric strange quark matter using the Polyakov Chiral
SU(3) quark mean field (PCQMF) model at finite temperature and chemical potential have been
investigated. Within the PCQMF model, the properties of quark matter are calculated through
the scalar fields σ, ζ, δ and χ, the vector fields ω, ρ and φ and the Polyakov loop fields Φ and
Φ¯. The isospin splitting of constituent quark masses is observed at large isospin asymmetry.
The effect of temperature and strangeness fraction on energy per baryon and equation of state
is found to be appreciable in quark matter. The effect of the Polyakov loop dynamics on several
thermodynamical bulk quantities such as energy density, entropy density, and trace anomaly is
presented and compared with recent lattice QCD results.
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I. INTRODUCTION
The thermodynamical properties of hot and dense matter under extreme conditions of
temperature and density may play an important role to probe the physics shortly after the
big bang [1, 2], outcome of heavy-ion collisions [3], properties of supernova explosions [4] and
the structure of compact stars [5]. The phase diagram of QCD represents the information
about the equilibrium phases of QCD as well as the physics of phase transitions in the
plane of baryon chemical potential, µB, and temperature T . Subjecting hadronic matter
to high temperature and/or density may result in the restoration of chiral symmetry and
transition to the QGP/quark matter phase. A quark matter phase at low temperature and
at large baryonic chemical potential, µB (in which quark Cooper pairs are formed) may be a
color superconducting phase [6, 7]. The Critical-End-Point (CEP) at which the chiral phase
transition changes its behavior, is a fundamental landmark of the QCD phase diagram, but
its exact location is still an open issue [8, 9]. A new phase of QCD matter, i.e., quarkyonic
phase was proposed at high baryon number density [10, 11]. The matter that exists in the
quarkyonic phase is expected to have energy density and pressure as that of gas of confined
quarks [11–15]. It has been considered that the Strange Quark Matter (SQM) exists in
quark stars [16, 17] as well as in the core of neutron stars [18, 19]. If the energy per baryon
for the SQM becomes less than the stable atomic nuclei (Fe and Ni), than SQM can be a
true ground state of matter [20–22]. The possible existence of strange stars (made entirely
of deconfined u, d and s quark matter or strange matter) is one of the most exciting issue
of modern physics [23, 24].
The experimental programs, for example, Relativistic Heavy Ion Collider (RHIC) at BNL
and the Large Hadron Collider (LHC) at CERN [25–31] help to understand the QCD matter
at high temperatures and almost zero baryonic density. Future facilities such as Nuclotron-
based Ion Collider Facility (NICA) at JINR Dubna [32, 33], Japan Proton Accelerator
Research Complex (J-PARC) and the Facility for Antiproton and Ion Research (FAIR)
at GSI Germany are being constructed to study the regime of high baryonic density and
moderate temperature with a goal to understand the position of CEP, phase boundaries,
and properties of quark matter.
Alongside the experimental endeavors, there are many theoretical frameworks used to
study the properties of hot and dense matter. These are, for example, Dyson-Schwinger
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equation approach [34–37], Quark Mass Density Dependent (QMDD) model [38–42], Quark-
Meson Coupling (QMC) model [43], Polyakov-Quark Meson Coupling (PQMC) model [44,
45], Nambu-Jona-Lasinio (NJL) model (with and without four-vector-type interactions) [16,
46], Polyakov extended NJL (PNJL) model [47–49], the Entanglement PNJL (EPNJL) model
[50–53], Confined Density Dependent Quark Mass (CDDM) model [54–56] and Chiral SU(3)
Quark Mean Field (CQMF) model [57, 58].
The primal analysis of theoretical models that are used to investigate the properties of
quark matter is based on the MIT bag model in which quarks are supposed to be con-
fined within a phenomenological bag [5]. The model calculation suggests that the SQM is
absolutely stable in a range of parameters. Chin and Kerman conjectured that the SQM
with A ≤ 10 might be metastable with half-life ≤ 10−4s [59]. Moreover, Jaffe and Berger
explained the surface correction for the strangelets where they predicted that the surface
tension would destabilize strangelets [60]. It has been hypothesized that there might exist
compact astrophysical objects composed entirely of strange matter called strange stars [61].
Firstly, with the help of the QMDD model properties of quark matter [39] were investigated
and then employed to study SQM [42, 62]. The QMDD model can give a dynamical ex-
planation of confinement and stability and many thermodynamical properties of SQM at
zero and finite temperature. But this model failed to explain the phase transitions of quark
deconfinement because quark masses are considered as independent of temperature [63].
To overcome this difficulty, one needs a Quark Mass Density and Temperature-Dependent
(QMDTD) model in which quark confinement is temporary [64].
The NJL model has been used for interpreting hadron properties [65], phase transition
[66, 67] and multi-particle bound states [68]. The introduction of the scalar-isovector and
vector-isovector coupling within the NJL model is significant to study the effect of isospin
on the quark matter [69]. In the QMC model, the interaction between hadrons is mediated
by the exchange of scalar and vector mesons self-consistently coupled to the quarks within
those hadrons. The NJL or QMC models are undoubtedly an effective tool for interpretation
of chiral symmetry breaking but does not explain deconfinement. To avoid this difficulty,
Polyakov loop potential coupled with NJL or QMC models are introduced. The PNJL model
which includes both the chiral dynamics and deconfinement effect at extreme temperature
provides a good description of lattice data at zero chemical potential [13, 47].
In the present investigation to study the properties of isospin asymmetric quark matter
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at finite temperature and density, with finite strangeness chemical potential, we will couple
Polyakov potential with Chiral SU(3) Quark Mean Field (CQMF) model. Henceforth, we
will name this as the PCQMF model. In the CQMF model, quarks are confined within
baryons by an effective potential. This model has been applied to investigate nuclear matter
[57], strange hadronic matter [58, 70], finite nuclei, hypernuclei [71]. The original model
was improved by using the linear definition of effective baryon mass [72]. The strange quark
matter properties have been studied in the CQMF model at zero temperature [73]. CQMF
model can also explain the hadronic and quark matter phase and can further be used for
the study of a mixed-phase, where both the hadrons and quarks can exist simultaneously
[66]. This model has also been used to investigate the in-medium magnetic moments of
octet and decuplet baryons [70, 74]. In the present model, the interaction of quarks is
explained in terms of non-strange scalar meson field, σ, strange scalar meson field, ζ , scalar
isovector meson field, δ, scalar isoscalar dilaton field, χ, non-strange vector field, ω, non-
strange vector-isovector field, ρ and strange vector field, φ. In this model, a mean-field
approximation is applied, which is based on the non-perturbative relativistic approach and
generally used for the explanation of the many-body interaction. In this approximation,
mesons are analyzed as classical fields, hence the quark-meson interaction Lagrangian term
includes only the contribution from scalar and vector fields.
Effective chiral models, associated with any form of the Polyakov loop potential, usually
have their parameters modified to give good reproduction of lattice data at vanishing den-
sity. Testing the extended effective model is critical to explore whether these models provide
a quantitative and qualitative rigorous explanation of the strongly interacting matter. By
introducing the Polyakov loop potential, these models have become a very attractive ap-
proach to incorporate the hadronic and quark matter and involvement of gluonic degrees of
freedom. In this model, a supplementary Polyakov potential must be proposed to explain
the deconfinement transition and incorporate the thermal fluctuations in the pure gluonic
theory. One can also include the thermal fluctuation by using Functional Renormalization
Group (FRG) techniques [75, 76].
The present paper is organized as follows: In Section II (A), we will briefly describe the
chiral SU(3) quark mean-field model and derive the grand canonical potential density by
applying mean-field approximation. In Section II (B), we will introduce the Polyakov loop
variable and discuss its effective potential. The Polyakov loop potential is then coupled
4
to the chiral SU(3) quark mean-field model. With the help of modified thermodynamical
potential density, we have calculated different thermodynamical quantities. In Section III,
we will explain the result of our analysis on asymmetric quark matter and finally, in Section
IV the results of present work will be summarized.
II. METHODOLOGY
A. Chiral SU(3) Quark Mean Field (CQMF) Model
In the CQMF model, we describe the quark-meson and meson-meson interactions based
on broken scale invariance [77–79] and non-linear realization of chiral SU(3) symmetry [80–
82] at finite temperature and density. The masses of quark and mesons (except pseudoscalar
meson) are obtained by the mechanism of spontaneous symmetry breaking and pseudoscalar
meson get their masses through explicitly symmetry breaking term which satisfy the partially
conserved axial-vector current (PCAC) relation. In Ref. [57, 58] where CQMF was used to
investigate the properties of nuclear and strange hadronic matter, quarks are confined inside
hadrons through a confined potential. However, in the present work, as we are interested
in the properties of quark matter only, we need not to consider such kind of potential [73].
The total effective Lagrangian density in chiral SU(3) quark mean field model to describe
the SQM is given by
Leff = Lq0 + Lqm + LΣΣ + LV V + LSB + L∆m + Lh. (1)
In the above equation, Lq0 = q¯ iγµ∂µq is the free part of massless quarks, Lqm represents
the quark mesons interaction term which is invariant under the chiral SU(3) transformation
and is given by
Lqm = gs
(
q¯LMqR + q¯RM
+qL
)
− gv (q¯LγµlµqL + q¯RγµrµqR) ,
(2)
where q =


u
d
s

 and gv and gs are vector and scalar coupling constants, respectively.
The compact form of spin-0 scalar (Σ) and pseudoscalar (Π) meson nonets can be expressed
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as
M(M †) = Σ± iΠ = 1√
2
8∑
a=0
(σa ± iπa) λa, (3)
where σa and πa represent the nonets of scalar and pseudoscalar mesons, respectively, λa
are Gell-Mann matrices with λ0 =
√
2
3
I. We can define spin-1 meson in a similar way as
lµ(rµ) =
1
2
(Vµ ± Aµ) = 1
2
√
2
8∑
a=0
(
vaµ ± aaµ
)
λa. (4)
In above, vaµ and a
a
µ are nonets of vector and pseudovector mesons, respectively. The ex-
pressions for physical states of scalar and vector meson nonets are
Σ =
1√
2
8∑
a=0
σa λa =


1√
2
(σ + δ0) δ+ κ∗+
δ− 1√
2
(σ − δ0) κ∗0
κ∗− κ¯∗0 ζ

 , (5)
and
Vµ =
1√
2
8∑
a=0
vaµ λ
a =


1√
2
(
ωµ + ρ
0
µ
)
ρ+µ K
∗+
µ
ρ−µ
1√
2
(
ωµ − ρ0µ
)
K∗0µ
K∗−µ K¯
∗0
µ φµ

 , (6)
respectively.
In the mean-field approximation, the chiral-invariant scalar meson self-interaction term,
LΣΣ (3rd term in eq. (1)), and vector meson self-interaction term, LV V (4th term in eq. (1)),
are written as
LΣΣ = −12 k0χ2 (σ2 + ζ2 + δ2) + k1 (σ2 + ζ2 + δ2)
2
+ k2
(
σ4
2
+ δ
4
2
+ 3σ2δ2 + ζ4
)
+k3χ (σ
2 − δ2) ζ − k4χ4 − 14χ4lnχ
4
χ4
0
+ d
3
χ4ln
((
(σ2−δ2)ζ
σ2
0
ζ0
)(
χ3
χ3
0
))
, (7)
and
LV V = 1
2
χ2
χ20
(
m2ωω
2 +m2ρρ
2 +m2φφ
2
)
+ g4
(
ω4 + 6ω2ρ2 + ρ4 + 2φ4
)
, (8)
respectively. Here d =6/33 for three colors and three flavors and σ0, ζ0 and χ0 are the
vacuum expectation values of the corresponding σ, ζ and χ fields. In eq. (8) vector meson
masses are density-dependent which can be expressed as
m2ω = m
2
ρ =
m2v
1− 1
2
µσ2
, and m2φ =
m2v
1− µζ2 . (9)
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In above equation, the vacuum value of the vector meson mass mv = 673.6 MeV and density
parameter µ = 2.34 fm2 are taken to reproduce mω = 783 MeV and mφ = 1020 MeV. The
last three terms LSB, L∆m and Lh of eq. (1) breaks the chiral symmetry explicitly. The
relations among various quark meson coupling constant as required by chiral symmetry as
defined through relations
gs√
2
= guδ = −gdδ = guσ = gdσ = . . . =
1√
2
gsζ , g
s
δ = g
s
σ = g
u
ζ = g
d
ζ = 0 , (10)
gv
2
√
2
= guρ0 = −gdρ0 = guω = gdω = . . . =
1√
2
gsφ, g
s
ω = g
s
ρ0 = g
u
φ = g
d
φ = 0. (11)
The Lagrangian density LSB in eq. (1) generates non-vanishing masses for pseudoscalar
mesons and is given as
LSB = −χ
2
χ20
[
m2pifpiσ +
(√
2m2KfK −
m2pi√
2
fpi
)
ζ
]
. (12)
This lead to a non-vanishing divergence of the axial currents which satisfy the Partial Con-
served Axial-vector Current (PCAC) relations for π and K mesons (masses of π and K
mesons are not zero). The parameters σ0 and ζ0 are constrained by the spontaneous break-
ing of chiral symmetry and are expressed in terms of pion decay constant (fpi = 93 MeV)
and the kaon decay constant (fK = 115 MeV) as:
σ0 = −fpi and ζ0 = 1√
2
(fpi − 2fK). (13)
In order to obtain exact constituent mass of strange quark, we need to include an addi-
tional mass term
L∆m = −∆msq¯Sq, (14)
where S = 1
3
(
I − λ8
√
3
)
= diag(0, 0, 1) define the strangeness quark matrix and ∆ms = 29
MeV . The relations for constituent quark masses in vacuum are written as
mu = md = − gs√
2
σ0, ms = −gsζ0 +∆ms. (15)
To obtain reasonable hyperon potential, we should add an additional symmetry breaking
term. It can be expressed in the presence of mean field approximation as [58]
Lh = (h1 σ + h2 ζ) s¯s . (16)
7
Including the mean field approximation and some finite temperature field theory algebra,
the thermodynamical potential density of SQM at finite temperature and density can be
written as
ΩCQMF = Ωqq¯ − LM − Vvac, (17)
where Ωqq¯ represents the contribution of quarks and antiquarks to the total thermodynamical
potential and defined by
Ωqq¯ =
∑
i=u,d,s
−γikBTNc
(2π)3
∫ ∞
0
d3k
{
ln
(
1 + e−(E
∗
i
(k)−νi∗)/kBT
)
+ ln
(
1 + e−(E
∗
i
(k)+νi
∗)/kBT
)}
, (18)
where summation runs over constituent quarks. Also, γi = 2 is spin degeneracy factor,
Nc= 3 is the color degree of freedom and E
∗
i (k) =
√
m∗2i + k2 is the effective single particle
energy of quarks. The term LM = LΣΣ + LV V + LSB describe the interaction between
mesons. The vacuum energy term, Vvac is subtracted in order to get zero vacuum energy.
The effective chemical potential νi
∗ of quarks is related to the usual chemical potential µi
by
νi
∗ = µi − giωω − giφφ− giρρ, (19)
where giω, g
i
φ and g
i
ρ are the coupling strength of quarks with vector meson fields.
The effective constituent quark mass mi
∗ is defined by the relation
mi
∗ = −giσσ − giζζ − giδδ +mi0. (20)
In the above equation, giσ, g
i
ζ and g
i
δ represent the coupling strengths of different quarks with
scalar fields. The values of giσ, g
i
ζ and mi0 are chosen to fit the vacuum masses of constituent
quarks which are taken to be mu = md = 313 MeV and ms = 490 MeV [73].
The number (vector) density, ρi, and scalar density, ρ
s
i , of quarks is defined as
ρi = γiNc
∫ d3k
(2π)3
(
fi(k)− f¯i(k)
)
, (21)
and
ρsi = γiNc
∫ d3k
(2π)3
m∗i
E∗i (k)
(
fi(k) + f¯i(k)
)
, (22)
respectively, where fi(k) and f¯i(k) represent the Fermi distribution functions at finite tem-
perature for quarks and anti-quarks and are expressed as
fi(k) =
1
1 + exp [(E∗i (k)− ν∗i )/kBT ]
and f¯i(k) =
1
1 + exp [(E∗i (k) + ν
∗
i )/kBT ]
. (23)
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B. Polyakov Chiral SU(3) Quark Mean Field Model
The boundary conditions in pure glue theory (quark having infinite mass) are respected
by the Z(NC) symmetry. For Z(NC) symmetry breaking, an order parameter in terms of
thermal Wilson line is defined as [83],
L(~x) = Pexp
[
i
∫ 1
T
0
dτA4(~x, τ)
]
. (24)
In above, P is the path ordering operator and A4 is gluon field in temporal direction
which is defined as [83]
Aµ = igsA
a
µ
λa
2
δµ0 , a = 1, ....N
2
C − 1, (25)
here, Aaµ represents the gluon field of color index a.
The Polyakov loop variable, Φ(~x) and its conjugate, Φ¯(~x) can be defined as the thermal
expectation value of trace over color of the thermal Wilson line, i.e., [84]
Φ(~x) = (TrcL)/NC , Φ¯(~x) = (TrcL
†)/NC . (26)
By introducing static gluonic degrees of freedom in the CQMF model through an effective
gluon potential in terms of Polyakov loop, it is possible to study features of both chiral
symmetry breaking and deconfinement in the improved CQMF model named as Polyakov
Chiral SU(3) Quark Mean Field (PCQMF) model.
The total Lagrangian density of SQM in PCQMF model is modified as
LPCQMF = Leff − U(Φ(~x), Φ¯(~x), T ), (27)
where U(Φ(~x), Φ¯(~x), T ) is temperature dependent Polyakov loop effective potential. In
this work, for Polyakov potential we will consider the commonly used Logarithmic form,
[12, 47, 85] which satisfies the Z(NC) symmetry of pure gauge Lagrangian and is given by
U(Φ, Φ¯, T )
T 4
= −a(T )
2
Φ¯Φ + b(T )ln[1− 6Φ¯Φ + 4(Φ¯3 + Φ3)− 3(Φ¯Φ)2]. (28)
The T -dependent parameters a(T ) and b(T ) appearing in the above equation are given
by [47, 85]:
a(T ) = a0 + a1
(
T0
T
)
+ a2
(
T0
T
)2
, b(T ) = b3
(
T0
T
)3
. (29)
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a0 a1 a2 b3
1.81 -2.47 15.2 -1.75
Table I: Parameters in Polyakov effective potential
The parameters a0, a1, a2 and b3 summarized in Table I are precisely fitted according to
the result of lattice QCD thermodynamics in pure gauge sector [85].
The parameter T0 = 270 MeV is the confinement-deconfinement transition temperature
in the pure Yang-Mills theory at vanishing chemical potential [86]. The effective potential
reveals the aspect of phase transition from confinement (T < T0, the minima of the potential
being at Φ = 0) to deconfinement (T > T0, the minima of the potential being at Φ 6= 0)
[47].
The thermodynamical potential density of SQM in the PCQMF model at finite temper-
ature and density within the mean field approximation can be expressed as
Ω = U(Φ, Φ¯, T ) + Ωqq¯ − LM − Vvac. (30)
In above, quark and antiquark thermal contribution, Ωqq¯, is modified to:
Ωqq¯ = −γikBT
∑
i=u,d,s
∫ ∞
0
d3k
(2π)3
[ln(1 + e−3(E
∗
i
(k)−νi∗)/kBT + 3Φe−(E
∗
i
(k)−νi∗)/kBT
+3Φ¯e−2(E
∗
i
(k)−νi∗)/kBT ) + ln(1 + e−3(E
∗
i
(k)+νi∗)/kBT +
3Φ¯e−(E
∗
i
(k)+νi
∗)/kBT + 3Φe−2(E
∗
i
(k)+νi
∗)/kBT )]. (31)
By including the Polyakov loop potential, fermion distribution functions of quarks, fi(k)
and antiquarks, f¯i(k), also modifies to
fi(k) =
Φe−(E
∗
i
(k)−νi∗)/kBT + 2Φ¯e−2(E
∗
i
(k)−νi∗)/kBT + e−3(E
∗
i
(k)−νi∗)/kBT
1 + 3Φe−(E
∗
i
(k)−νi∗)/kBT + 3Φ¯e−2(E
∗
i
(k)−νi∗)/kBT + e−3(E
∗
i
(k)−νi∗)/kBT , (32)
f¯i(k) =
Φ¯e−(E
∗
i
(k)+νi∗)/kBT + 2Φe−2(E
∗
i
(k)+νi∗)/kBT + e−3(E
∗
i
(k)+νi∗)/kBT
1 + 3Φ¯e−(E
∗
i
(k)+νi∗)/kBT + 3Φe−2(E
∗
i
(k)+νi∗)/kBT + e−3(E
∗
i
(k)+νi∗)/kBT
. (33)
To determine the scalar fields σ, ζ and δ, the dilaton field χ, the vector fields ω, ρ and
φ and the Polyakov field Φ and its conjugate Φ¯, we minimize Ω with respect to these fields,
i.e.,
∂Ω
∂σ
=
∂Ω
∂ζ
=
∂Ω
∂δ
=
∂Ω
∂χ
=
∂Ω
∂ω
=
∂Ω
∂ρ
=
∂Ω
∂φ
=
∂Ω
∂Φ
=
∂Ω
∂Φ¯
= 0. (34)
10
This results in following system of coupled equations:
∂Ω
∂σ
= k0χ
2σ − 4k1
(
σ2 + ζ2 + δ2
)
σ − 2k2
(
σ3 + 3σδ2
)
− 2k3χσζ
− d
3
χ4
(
2σ
σ2 − δ2
)
+
(
χ
χ0
)2
m2pifpi −
(
χ
χ0
)2
mωω
2∂mω
∂σ
−
(
χ
χ0
)2
mρρ
2∂mρ
∂σ
− ∑
i=u,d
giσρ
s
i = 0, (35)
∂Ω
∂ζ
= k0χ
2ζ − 4k1
(
σ2 + ζ2 + δ2
)
ζ − 4k2ζ3 − k3χ
(
σ2 − δ2
)
− d
3
χ4
ζ
+
(
χ
χ0
)2 [√
2m2KfK −
1√
2
m2pifpi
]
−
(
χ
χ0
)2
mφφ
2∂mφ
∂ζ
−∑
i=s
giζρ
s
i = 0, (36)
∂Ω
∂δ
= k0χ
2δ − 4k1
(
σ2 + ζ2 + δ2
)
δ − 2k2
(
δ3 + 3σ2δ
)
+ 2k3χδζ
+
2
3
dχ4
(
δ
σ2 − δ2
)
− ∑
i=u,d
giδρ
s
i = 0, (37)
∂Ω
∂χ
= k0χ
(
σ2 + ζ2 + δ2
)
− k3
(
σ2 − δ2
)
ζ + χ3
[
1 + ln
(
χ4
χ40
)]
+ (4k4 − d)χ3
− 4
3
dχ3ln
((
(σ2 − δ2) ζ
σ20ζ0
)(
χ
χ0
)3)
+
2χ
χ20
[
m2pifpiσ +
(√
2m2KfK −
1√
2
m2pifpi
)
ζ
]
− χ
χ20
(mω
2ω2 +mρ
2ρ2) = 0, (38)
∂Ω
∂ω
=
χ2
χ20
m2ωω + 4g4ω
3 + 12g4ωρ
2 − ∑
i=u,d
giωρ
v
i = 0, (39)
∂Ω
∂ρ
=
χ2
χ20
m2ρρ+ 4g4ρ
3 + 12g4ω
2ρ − ∑
i=u,d
giρρ
v
i = 0, (40)
∂Ω
∂φ
=
χ2
χ20
m2φφ+ 8g4φ
3 − ∑
i=s
giφρ
v
i = 0, (41)
∂Ω
∂Φ
=
[−a(T )Φ¯
2
− 6b(T )(Φ¯− 2Φ
2 + Φ¯2Φ)
1− 6Φ¯Φ + 4(Φ¯3 + Φ3)− 3(Φ¯Φ)2
]
T 4 − ∑
i=u,d,s
2kBTNC
(2π)3∫ ∞
0
d3k
[
e−(E
∗
i
(k)−νi∗)/kBT
(1 + e−3(E
∗
i
(k)−νi∗)/kBT + 3Φe−(E
∗
i
(k)−νi∗)/kBT + 3Φ¯e−2(E
∗
i
(k)−νi∗)/kBT )
+
e−2(E
∗
i
(k)+νi∗)/kBT
(1 + e−3(E
∗
i
(k)+νi∗)/kBT + 3Φ¯e−(E
∗
i
(k)+νi∗)/kBT + 3Φe−2(E
∗
i
(k)+νi∗)/kBT )
]
= 0, (42)
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and
∂Ω
∂Φ¯
=
[−a(T )Φ
2
− 6b(T )(Φ− 2Φ¯
2 + Φ2Φ¯)
1− 6Φ¯Φ + 4(Φ¯3 + Φ3)− 3(Φ¯Φ)2
]
T 4 − ∑
i=u,d,s
2kBTNC
(2π)3∫ ∞
0
d3k
[
e−2(E
∗
i
(k)−νi∗)/kBT
1 + e−3(E
∗
i
(k)−νi∗)/kBT + 3Φe−(E
∗
i
(k)−νi∗)/kBT + 3Φ¯e−2(E
∗
i
(k)−νi∗)/kBT
+
e−(E
∗
i
(k)+νi
∗)/kBT
1 + e−3(E
∗
i
(k)+νi∗)/kBT + 3Φ¯e−(E
∗
i
(k)+νi∗)/kBT + 3Φe−2(E
∗
i
(k)+νi∗)/kBT
]
= 0. (43)
In above, mpi and mK denote the masses of π and K meson. The free model parameters
ki(i = 0, ..., 4), gs, gv, g4, h1 and h2 can be calculated using π-meson mass, K-meson mass,
the vacuum masses of σ, ζ and χ mesons and the average masses of η and η
′
mesons [73].
Individual parameters used in this model are listed in Table II.
With the help of thermodynamical potential density, Ω, one can calculate the pressure,
p, free energy density, F , entropy density, S and the energy density, ǫ using relations
p = −Ω, (44)
F = Ω +
∑
i=u,d,s
νi
∗ρi, (45)
S = −∂Ω
∂T
, (46)
and
ǫ = Ω +
∑
i=u,d,s
νi
∗ρi + TS, (47)
respectively.
k0 k1 k2 k3 k4 gs gv g4 h1 h2
4.94 2.12 -10.16 -5.38 -0.06 4.76 10.92 37.5 -2.20 3.24
σ0 (MeV) ζ0(MeV) χ0(MeV) mpi(MeV) fpi(MeV) mK(MeV) fK(MeV) mω(MeV) mφ(MeV) mρ( MeV)
-93 -96.87 254.6 139 93 496 115 783 1020 783
guσ g
d
σ g
s
σ g
u
ζ g
d
ζ g
s
ζ g
u
δ g
d
δ g
s
δ ρ0(fm
−3)
3.36 3.36 0 0 0 4.76 3.36 -3.36 0 0.15
guω g
d
ω g
s
ω g
u
φ g
d
φ g
s
φ g
u
ρ g
d
ρ g
s
ρ d
3.86 3.86 0 0 0 5.46 3.86 -3.86 0 0.18
Table II: The list of parameters used in the present work.
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Strange quark matter produced in heavy ion collisions is metastable. The number of
constituent quarks can be generally found unequal in HICs and therefore, isospin asymmetry
can be incorporated through definition
η =
(ρd − ρu)
(ρd + ρu)/3
. (48)
For asymmetric quark matter, the total baryon density can be expressed in terms of number
density of quarks as ρB =
1
3
(ρu+ ρd+ ρs), and the baryon, isospin and strangeness chemical
potential are defined through µB =
3
2
(µu + µd), µI =
1
2
(µu − µd) and µS = 12(µu + µd −
2µs), respectively. To characterize the flavor composition, we also introduce the strangeness
fraction parameter, fs=ρs/ρB.
III. NUMERICAL RESULTS AND DISCUSSIONS
Now we will present the results on various thermodynamical properties of strange quark
matter using Polyakov extended Chiral SU(3) quark mean-field model. In the PCQMF
model, the effect of temperature comes into picture through the scalar densities, ρi
s and
vector densities, ρi of constituent quarks which in turn depend upon scalar, vector and
Polyakov loop fields. As said before, the scalar fields (σ, ζ , δ, χ), the vector fields (ω, ρ, φ),
and the Polyakov loop field, (Φ, Φ¯) are calculated by solving the coupled system of non-linear
equations (from eqs. (35) to (43)). In section IIIA, we will discuss the in-medium behavior
of scalar, vector and Polyakov loop fields, which will be used as input to understand different
thermodynamic properties of strange quark matter which are presented in section IIIB.
A. In-medium Scalar, Vector and Polyakov Loop Fields
In fig. 1 we have shown the variation of σ, ζ , δ and χ fields as a function of temperature,
T , for strangeness chemical potential, µS = 0 and 200 MeV and baryon chemical potential,
µB = 0, 400, 600 and 800 MeV. The value of isospin chemical potential is kept fixed at
µI = 80 MeV. As can be seen from fig. 1 (a) and (b), at µB = 0, the magnitude of σ and ζ
remain constant upto a certain temperature and then start decreasing with further increase
in temperature. The temperature at which the magnitude of scalar fields starts decreasing
sharply is named as pseudo-critical temperature Tp. Here, one can see that the value of
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Tp decreases with an increase in baryon chemical potential µB. The large decrease in the
magnitude of scalar fields at high value of temperature and/or baryon chemical potential
may be a signature of restoration of chiral symmetry. With the increase in temperature,
the fermi distribution function given in eqs. (32) and (33) decreases, which decreases the
scalar density written in eq. (22). The smooth decrease in fields describes a slow transition
(crossover) [44]. For a given temperature, the magnitude of σ and ζ fields decrease with an
increase in µB. At µB = 800 MeV, the magnitude of σ and ζ drop significantly even at small
temperature. This favours the conclusion that the transition to a phase of quark matter can
be achieved at the high baryonic density and moderate temperature such as in future CBM
experiments of the FAIR project.
For a given temperature, at µB = 0, the increase in the strangeness chemical potential
µS causes a decrease in the magnitude of scalar fields σ and ζ . For example, at T = 200
MeV and µS = 0 (200) MeV, the magnitude of σ and ζ fields are observed to be -39.23 (-
38.98) and -72.79 (-71.41) MeV, respectively. This indicates that the increase in strangeness
chemical potential leads to decrease in transition temperature (where the transition to the
quark phase will take place). On the other hand, for finite µB, the magnitude of scalar fields
increases with increase in µS. For example, at µB = 800 MeV and µS = 0 (200) MeV, the
magnitude of σ and ζ fields are calculated as -39.20 (-39.58) and -72.20 (-74.56) MeV. At
higher temperature, the effect of µB on magnitude of σ and ζ fields is negligible for finite
strangeness chemical potential.
The scalar isovector field δ contributes to isospin asymmetry of the medium and is plotted
in fig. 1(e) and (f). It is observed that the magnitude of δ is zero for different values of
temperature at µB = 0. This is because the δ field is calculated by the difference of u and
d quarks scalar density and both of these are equal at zero baryon chemical potential. For
a given temperature, the increase in the value of µB causes an increase in the value of δ
field. This increase in the δ field as a function of µB is more in the low temperature regime.
For finite µB, the magnitude of δ increases with temperature up to a certain value and then
starts decreasing with further increment in temperature.
The trace anomaly property of QCD, which connect the trace of energy-momentum tensor
to the expectation value of scalar gluon condensates is simulated in the chiral quark mean
field through the scalar dilaton field χ which is plotted in fig. 1(g) and (h). For temperature
below Tp, the dilaton field remains almost constant even on varying µB, which means a
14
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Figure 1: (Color online) The scalar fields σ, ζ, δ and χ plotted as a function of temperature T , for
baryon chemical potential, µB = 0, 400, 600 and 800 MeV, strangeness chemical potential, µS = 0,
200 MeV and isospin chemical potential, µI = 80 MeV.
15
minute change is observed in the low temperature region. However, above Tp, the magnitude
of χ decreases with an increase of T . For a given temperature (above TP ), the increase in
baryon chemical potential is found to cause an increase in the dilaton field. When we consider
the finite value of µS, we observe less change in the value of χ as compared to µS = 0 at high
temperature. At temperature T = 200 MeV and µS = 0, the value of χ field, at µB = 0,
400 and 800 MeV are observed to be 247.13, 250.37 and 258.10 MeV, respectively, whereas
at µS = 200 MeV, above values changes to 248.15, 250.09 and 256.65 MeV.
Figure 2 depicts the Polyakov loop fields Φ and Φ¯, known as a deconfinement order
parameter, in the mean-field approximation. We found that at vanishing baryon chemical
potential (µB = 0 MeV) both Φ and Φ¯ are identical. The thermal effects of the confined
state on the evolution of Φ looks to be very smooth. At low temperature, the slope of Φ
and Φ¯ appears to depend on the temperature. The value of Φ and Φ¯ is approximately zero
at lower temperature indicating that the system is in a confined state. With increase in
temperature, Φ increases and at a higher value of temperature, the system converts from
confined to the deconfined state. The increase of the baryon chemical potential, further
causes an increase in the values of Polyakov loop fields. This may indicate a decrease in the
deconfinement temperature.
In order to understand more about the behavior of Φ and Φ¯, in fig. 3 we have plotted the
variation of these fields as a function of baryon density, ρB (in the unit of nuclear saturation
density). The results are shown at zero and non-zero values of isospin asymmetry and
strangeness fraction of the medium. The values of Φ and Φ¯ increases with increase in the
density of the medium. Further, for given density, the increase in temperature also causes
an increase in the values of these fields. For a given density and temperature, as we move
from fs = 0 to a finite value, further increment in the field is observed.
B. Various Thermodynamical Quantities
The constituent quark masses are generated by the coupling of scalar fields σ, ζ and δ
with the quarks. In fig. 4, we plot the quark masses, mi
∗ (i = u, d and s) as a function
of total baryon density for temperatures T= 50, 100 and 200 MeV, for different value of fs
and η. For a given temperature, isospin asymmetry and strangeness fraction, the effective
mass mi
∗ of quarks are observed to decrease with an increase in the density of medium.
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Figure 2: (Color online) The Polyakov loop fields Φ, and Φ¯ plotted as a function of temperature T ,
for different values of strangeness chemical potential µS with baryon chemical potential, µB = 0,
400, 600 and 800 MeV at isospin chemical potential µI = 80 MeV.
In a non-strange medium, the effective mass of u and d quarks decreases more sharply as
compared to the mass of strange s quark. This result is due to zero value of coupling of
s quark with scalar σ field (gsσ = 0). However, at finite strangeness, the effective mass of
strange quarks shows a rapid decrease with an increase in density. The reason is, at finite
strangeness fraction, the attractive interactions of strange quark with strange scalar field ζ
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Figure 3: (Color online) The Polyakov loop fields, Φ and Φ¯ plotted as a function of baryon density,
ρB/ρ0 (in unit of nuclear saturation density), for different values of strangeness fraction and isospin
asymmetry at T= 50, 100 and 200 MeV.
dominate over the interaction of light u and d quarks with σ field. As can be seen from
fig. 4(a) and (c), in symmetric quark matter, for a given density, at temperature T = 50 and
100 MeV the value of m∗u increase on moving from zero to finite value of fs. However, at very
high temperature say T = 200 MeV, the trend becomes opposite at high baryonic density.
The isospin asymmetry of the medium causes the mass splitting between u and d quarks. As
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Figure 4: (Color online) The effective constituent quark masses at T = 50, 100 and 200 MeV, for
different value of fs and η, as a function of baryonic density, ρB (in units of nuclear saturation
density ρ0).
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we change η from zero to finite value, for fix value of other parameters, the in-medium mass
of u quark increases whereas the mass of d quark decreases. From fig. 4(b), we observed that
for finite η, at high baryonic density, m∗u becomes less in the strange medium as compared
to the non-strange medium. This is opposite to η = 0 situation as discussed above.
The strangeness and density dependence of the effective quark masses are evaluated in
the SU(3) NJL model [87] and CQMF model at zero temperature [73] and observed that at
large baryon density, the value of ms
∗ is even lower than the mu∗ (=md∗). On comparing
the result of PCQMF and CQMF at finite baryon density (in fig. 5), a larger value of quark
mass is achieved in the presence of Polyakov loop potential at T = 100 and 150 MeV.
Furthermore, quark masses increases with an increase in the temperature at finite baryon
density.
In fig. 6, we have depicted the energy per baryon E/A as a function of total baryon
density, ρB within the PCQMF model for different values of strangeness fraction and isospin
asymmetry, at T=50, 100, and 200 MeV. For temperatures T = 50 and 100 MeV, the energy
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Figure 5: (Color online) Comparison of effective masses of quarks at T = 100 and 150 MeV for
CQMF and PCQMF model as a function of ρB/ρ0.
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Figure 6: (Color online) The energy per baryon of asymmetric strange quark matter at T = 50,
100 and 200 MeV with baryonic density, ρB (in units of nuclear saturation density ρ0).
per baryon, E/A, increases uniformly with increasing ρB. In Ref. [73], energy per baryon
was calculated for different values of vector coupling constant at zero temperature without
Polyakov loop effect. In the present work, we have included the vector interaction at finite
temperature and observe that E/A increases with an increase in the temperature which
is consistent with the calculations within equiparticle model [88]. For fix value of density
and temperature, an increase in the isospin asymmetry, η, or strangeness fraction fs of the
medium also observed to cause an increase in the energy per baryon. For zero temperature,
the minima of free energy coincide explicitly to the zero pressure [89]. Nonetheless, two
points (minimum and zero pressure) of energy per baryon for SQM have not coincided at
finite temperature (see eqs. (45) and (47)). With an increase in temperature, the position
of minimum shifts from low to high baryonic density.
Figure 7 displays the pressure density of quarks with the total baryon density for SQM at
T = 50, 100 and 200 MeV within the PCQMF model. We have observed that the pressure
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Figure 7: (Color online) The behavior of pressure at η = 0, 2 and fs = 0, 2 for different value of
temperature as a function of baryonic density, ρB (in units of nuclear saturation density ρ0).
density increases gradually with the increase in ρB for different values of temperature. For
given density, isospin asymmetry and strangeness fraction, an increase of temperature cause
an increase of pressure. The isospin asymmetry of the medium also causes an increase in the
value of pressure. The pressure value is more in case of non-strange medium when compared
with the strange medium for both η = 0 and 2. Considering the effect of strangeness fraction,
the value of pressure decrease as a function of fs at a given temperature and density of the
medium. Quark matter at finite temperature has also been studied in SU(3) NJL model
with different temperatures and fixed fs without considering vector coupling, which is close
to our results [90].
In fig. 8, we have plotted the EoS, i.e., pressure density versus energy density at T =
50, 100 and 200 MeV. The pressure density, p, is non-negative, smooth, and monotoni-
cally increasing with energy density. We have perceived that EoS gets stiffer when the
temperature increases in non-strange as well as in strange medium, both in symmetric and
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Figure 8: (Color online) The EoS plotted as a function of baryonic densityρB (in units of nuclear
saturation density ρ0), for different value of temperature, T , isospin asymmetry, η and strangeness
fraction, fs.
asymmetric quark matter. For a given temperature and density, an increase of asymmetry
in the medium also cause an increase in the stiffness of the EoS. However, an increase in
strangeness fraction, for fix value of other parameters, causes softness in the EoS. The EoS
of quark matter has also been explained in Ref. [46] using the NJL model for various inter-
actions at finite temperature. It was observed that the repulsive vector interaction GV and
gV both contributed equally and stiffen the equation of state.
The energy density and pressure calculated within the PCQMF model can be utilized
further to calculate the quantity (ǫ − 3p)/T 4 representing the trace anomaly property of
QCD. In fig. 9, we have displayed the temperature dependence of p/T 4, ǫ/T 4, s/T 3 and
(ǫ − 3p)/T 4 with baryon chemical potential, µB = 0, 400, 600 and 800 MeV at isospin
chemical potential µI = 80 MeV for two flavor quark matter (u and d). The energy density,
pressure and entropy are continuous functions of temperature showing that the transition to
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Figure 9: (Color online) The energy densty, ǫ, pressure density, p, entropy density, s and trace
anomaly, (ǫ− 3p)/T 4 as a function of temperature T , for two flavor quark matter (u and d quarks)
with baryon chemical potential, µB = 0, 400, 600 and 800 MeV at isospin chemical potential
µI = 80 MeV.
the QGP phase is a crossover instead of a phase transition. If we increase µB, the magnitude
of all thermodynamical quantities increases smoothly for a constant temperature. Also, we
have observed a comparable behavior in a p/T 4, ǫ/T 4 and s/T 3 curve i.e. a sharp increase
near the transition temperature and then approach to corresponding ideal gas limit. In QCD,
24
asymptotic properties imply that the trace anomaly becomes dependent on the strength of
strong coupling constant ((ǫ − 3p)/T 4 ∝ T 4αs2) [91]. The trace anomaly is vanishing or
very small for the confined phase in scale-invariant theory. At T ≪ Tp, the trace anomaly
is sufficiently small and then increases with an increase in temperature. This is described
by large interaction strength, which brings quarks and gluons close and then they bound in
hadrons. For T ≫ Tp, the interaction strength becomes weaker and weaker. This implies
that the quarks and gluons become free, especially at very high T , where (ǫ − 3p)/T 4 ≈ 0.
The smooth crossover could be identified by a peak of (ǫ− 3p)/T 4.
In fig. 10, we have plotted the pressure density, the energy density, entropy density and
the trace anomaly as a function of temperature with different baryon chemical potential
and at µI = 80 for three flavor quarks (u, d and s quark) and compared with lattice QCD
results [92]. The Stefan Boltzmann (SB) limit of QCD also changes with increase in the
number of flavors [47, 103]. These quantities have also been studied using PNJL model
[13, 47] and PQM model [93–95] for two and three flavors. From figs. 9 and 10, we observed
that the values of pressure density and other thermodynamical quantities in the medium
increase as one move from two to three flavor matter. An abrupt change in these quantities
leads to deconfinement behavior with the formation of new degrees of freedom. The value
of deconfinement temperature is larger in case of two flavors. In both hadronic and QGP
regions, a good agreement with recent lattice QCD calculations [92] is obtained. Calculation
of bulk thermodynamic quantities for non-vanishing chemical potential based on the LQCD
approach gives significant information about the phase structure of QCD [92]. Pressure and
energy density of SU(3) gauge theory are calculated by performing simulations of (2+1)-
flavor QCD using the highly improved staggered quarks (HISQ/tree) action on Nτ = 4,
6, 8 and 12 lattices and spatial extent Nσ = 16 and 32 [96–103]. These results are then
extrapolated to the continuum limits.
IV. SUMMARY
To summarize, we have extended the CQMF model to include Polyakov fields and studied
the properties of non-strange and strange quark matter at finite temperature and density.
Within the PCQMF model, the effect of temperature through Polyakov loop potential and
the scalar and vector densities of quarks result in the modification of scalar, vector and
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Figure 10: (Color online) The energy densty, ǫ, pressure density, p, entropy density, s and trace
anomaly, (ǫ − 3p)/T 4 as a function of temperature T , for different values of strangeness chemical
potential µS with baryon chemical potential, µB = 0, 400, 600 and 800 MeV at isospin chemical
potential µI = 80 MeV, for three flavor quark matter (u, d and s quarks).
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Polyakov fields. The scalar and vector fields are further used to calculate effective con-
stituent quark masses. The value of the constituent masses of u and d quarks become larger
with strangeness fraction, whereas effective mass of s quark decrease with fs. In order to
explore the properties of SQM, we have studied the energy density, pressure density, and
EoS for different values of strangeness and isospin asymmetry. It is found that the EoS gets
stiffer with increase in isospin asymmetry. We can also observed that the pressure density in-
creases monotonically with baryon density at finite temperature, and enhanced when isospin
asymmetry increase, which shows that the isospin effect contributes more with increment of
temperature. We have further analysed the temperature dependence on the various ther-
modynamic quantity including pressure, entropy, energy density, and trace anomaly. The
thermodynamical quantities of the PCQMF model such as p/T 4, ǫ/T 4 and (ǫ− 3p)/T 4 are
compared with the recent lattice QCD simulations. In future, we will focus on the study of
β equilibrated quark matter and magnetic field effects.
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